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Abstract

Threatening millions of people and causing billions of dollars in losses, tropical cyclones (TCs) are among the
most severe natural hazards in the world, especially over the western North Pacific. However, the response of TCs
to a warming or changing climate has been the subject of considerable research, often with conflicting results. In
this study, the abilities of Coupled Model Intercomparison Project (CMIP) Phase 6 (CMIP6) models to simulate
TC genesis are assessed through historical simulations. The results indicate that a systematic humidity bias
persists in most CMIP6 models from corresponding CMIP Phase 5 models, which leads to an overestimation of
climatological TC genesis. However, the annual cycle of TC genesis is well captured by CMIP6 models. The
abilities of 25 models to simulate the geographical patterns of TC genesis vary significantly. In addition, seven
models are identified as well simulated models, but seven models are identified as poorly simulated ones. A
comparison of the environmental variables for TC genesis in the well-simulated group and the poorly simulated
group identifies moisture in the mid-troposphere as a key factor in the realistic simulation of El Nino-Southern
Oscillation (ENSO) impacts on TC genesis. In contrast with the observations, the poorly simulated group does not
reproduce the suppressing effect of negative moisture anomalies on TC genesis in the northwestern region
(20°-30°N, 120°-145°E) during El Nifio years. Given the interaction between TC and ENSO, these results provide a

guidance for future TC projections under climate change by CMIP6 models.
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1 Introduction

Tropical cyclones (TCs) are a major natural disaster that
causes large casualties and extensive socioeconomic damage
every year (Shultz et al., 2005). The western North Pacific (WNP)
experiences the most TCs, accounting for almost one third of
global TCs. TCs over the WNP exhibit significant variabilities in
both frequency and intensity (Klotzbach, 2014; Liu and Chan,
2008; Maloney and Hartmann, 2001; Wang and Chan, 2002;
Wang and Liu, 2016). They are subject to multi-scale climate
phenomena, such as the Madden-Julian Oscillation (Li and
Zhou, 2013), El Nifio-Southern Oscillation (ENSO; Chia and
Ropelewski, 2002; Wu et al., 2021), and Pacific Decadal Oscilla-
tion (Aiyyer and Thorncroft, 2011; Wang et al., 2010). Hence, fu-
ture projections of TCs continue to be challenged (Knutson et al.,
2010).

As the dominant source of interannual variability, ENSO has a
pronounced influence on weather and climate variations world-
wide (McPhaden et al., 2006). As ENSO can effectively change
large-scale atmospheric circulations and oceanic processes, it
can also significantly modulate global TC activities (Aiyyer and
Thorncroft, 2011; Chan, 1985; Wang et al., 2010). For example,
during EI Nifo years, TCs tend to form closer to the international
dateline (Bell et al., 2014). Therefore, ENSO-associated TC tele-

connections are essential for the seasonal forecasting of TCs and
long-term TC projections under climate change (Mori et al.,
2013). Further, the ability of current climate models to simulate
the connections between TCs and ENSO should be evaluated.
Previous studies have suggested that TC genesis location can
affect the metrics of TCs, such as track, intensity, and duration
(Chan and Liu, 2004; Lin and Chan, 2015; Yonekura and Hall,
2011, 2014). Despite the lack of a quantitative theory, empirical
indices have been developed to quantify TC genesis numbers
(TCGNs) based on the large-scale environment (Emanuel and
Nolan, 2004; Gray, 1979; Watterson et al., 1995). Estimates of
long-term TC genesis variations in global models are commonly
achieved using three methods: (1) direct simulation, (2) dynam-
ical downscaling, and (3) genesis indices (Emanuel, 2013). The
direct simulation is sensitive to horizontal resolutions, repro-
duces much lower TC frequencies, and leads to significant defi-
ciencies in the geographical patterns of TC formation in Coupled
Model Intercomparison Project (CMIP) Phase 5 (CMIP5; Ca-
margo, 2013). A climate model with a low horizontal resolution
do not has the ability to reproduce TC genesis (Camargo et al.,
2014). Dynamical downscaling is able to reconstruct local TCs.
However, it suffers from a mismatch between regional models
and global models and a lack of feedbacks to the global system
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(Knutson et al., 2008). Conversely, genesis indices have a strong
empirical foundation and account for both global climate variab-
ilities and feedbacks. Thus, they can effectively reproduce TC
genesis, given TC intensity and track are not considered (Emanuel,
2013).

As an international endeavor to understand future climate
changes, the CMIP Phase 6 (CMIP6) provides state-of-art global
models to project TC activities under climate change over the
WNP. However, the reliability of the large-scale environment for
TC genesis in each coupled model should be evaluated prior to
projection, especially considering the considerable bias in cli-
mate models such as CMIP5 (Knutson et al., 2013). Moreover,
Camargo et al. (2007b) reported an overestimation of the simu-
lated genesis potential index in five atmospheric climate models.
Previous studies have indicated that CMIP Phase 3 (CMIP3) and
CMIP5 models typically produce higher relative humidity, an im-
portant factor for TC genesis, when compared to observations
(Song et al., 2015; Walsh et al., 2013). Furthermore, with respect
to the spatial patterns of TC genesis, Shen et al. (2020) dis-
covered an eastward bias in TC genesis locations in downscaling
experiments using the Community Atmosphere Model (version
5) of CMIP5 datasets. Considering significant improvements in
resolution and parametrization from CMIP5 to CMIP6 (Eyring et
al., 2016), it is essential to assess the CMIP6 model performances
in reproducing TC genesis over the WNP.

The remainder of this paper is organized as follows. Section 2
introduces the observation, reanalysis datasets, CMIP6 models
and methods including the genesis potential index (GPI) used in
this study. Section 3 examines simulations of TC genesis based
on the GPI. Section 4 evaluates and interprets the TC genesis
simulation performance of 25 CMIP6 models. Finally, the discus-
sion and conclusions are presented in Section 5.

2 Data and methods

2.1 Observations and reanalysis products

TC best-track historical data are obtained from the Interna-
tional Best Track Archive for Climate Stewardship (IBTrACS)
Project, version 4 (Knapp et al., 2010). The dataset combines in-
formation from numerous TC datasets, such as TC locations and
maximum sustained wind speeds from the U.S. Joint Typhoon
Warning Center and Hong Kong Observatory. In this study, TCs
are excluded if their maximum sustained wind speed never
reaches 34 kn (1 kn=1.852 km/h) in their entire life cycle owing to
the high uncertainty in detecting weak tropical depressions
(Klotzbach and Landsea, 2015). A system is defined as a TC when
its maximum sustained wind speed reaches 34 kn for the first
time.

The National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kal-
nay et al., 1996) is used to analyze large-scale circulation.
NCEP/NCAR reanalysis has been extensively used to construct
and assess the GPI (Camargo et al., 2007a, b, 2009). The monthly
mean NCEP/NCAR reanalysis provides global coverage of met-
eorological variables from the surface to 10 hPa, with a horizont-
al resolution of 2.5° x 2.5° (latitude x longitude). The variables
used in this study include air temperature, specific humidity, rel-
ative humidity, wind speed, and sea level pressure. Monthly sea
surface temperatures (SSTs) are obtained from the National
Oceanic and Atmospheric Administration Extended Reconstruc-
tion SST (ERSST), version 5 (ERSSTv5; Huang et al., 2017). The
ERSSTv5 dataset is based on statistical interpolation of data from
the International Comprehensive Ocean-Atmosphere Data Set

release 3.0 Argo float data, as well as estimates of sea ice cover-
age from the Hadley Centre Sea Ice and Sea Surface Temperat-
ure dataset. ERSSTv5 affords global coverage from 1854 with a
horizontal resolution of 2°. European Centre for Medium-Range
Weather Forecasts ERA5 (Hersbach et al., 2020) data are also
used to verify the robustness of the results. As the results derived
using ERA5 are similar to those using NCEP/NCAR reanalysis,
they are not explicitly presented in this study.

2.2 CMIP6 models

GPIs calculated using CMIP6 historical simulations (Eyring et
al., 2016) are examined in this study. The protocol for the histor-
ical simulations (experiment name: “historical”) calls for 165-
year simulations (from 1850 to 2014), with forcing based on ob-
servations whenever possible (Hoesly et al., 2018; Meinshausen
etal., 2017). Outputs from 25 different Atmosphere-Ocean Gen-
eral Circulation Models are evaluated (Table 1). Information
about their host centers and horizontal resolutions are listed in
Table 2. Different models have different horizontal resolutions.
Therefore, to facilitate inter-comparisons between different mod-
els, all outputs are bilinearly interpolated to a regular grid with a
horizontal resolution of 1° x 1° (latitude x longitude). The com-
mon period for observations, reanalysis, and CMIP6 outputs is
1980-2014. Thus, we focus on the performance of GPIs simu-
lated by CMIP6 during this 35-year period.

2.3 Definitions of El Nifio and La Nifia years

El Nifio and La Nifia years are defined based on the Nifio 3.4
index (i.e., mean SST anomalies within 5°N-5°S and 170°-120°W).
The following analyses focus on the TC season (July-October)
over the WNP. Years when the mean Niifio 3.4 index during TC
season is higher (lower) than 1°C are defined as El Nifo (La Nina)
years. Hence, during the period of 1980-2014, four El Nifio years
(i.e., 1982, 1987, 1997, and 2002) and four La Nifia years (i.e.,
1988, 1998, 1999, and 2010) are identified. The same procedures
are performed for each of the 25 CMIP6 models so that El Nifio
and La Nifa years defined for each model coordinate with the
outputs of that model.

2.4 Methods

The GPI adopted in this study was developed by Emanuel and
Nolan (2004) and has been widely used (Bruyere et al., 2012; Ca-
margo et al., 2007a, b; Fu et al., 2017; Gao et al., 2020; Yan et al.,
2019). The GPI is defined as follows:

GPI = 5 3/2 Hpgoo 3 Vpot 3 2
= }10 ’7850| ﬁ 70 (1 + O-IVshear) , (D)

where 7755 is the absolute vorticity at 850 hPa, Heo is the relative
humidity at 600 hPa, Ve is the potential intensity, and Vshear is
the magnitude of vertical wind shear between 850 hPa and 200
hPa. Further, V} is calculated as follows (Bister and Emanuel,
1998; Gilford et al., 2017):

Ck (Ts — To)
[ e R @
where Cx and Cp are the enthalpy and momentum surface ex-
change coefficients, respectively; T is the SST; T, is the outflow
temperature at the level of neutral buoyancy for a saturated air
parcel lifted from sea level; ho is the saturation moist static en-
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Table 1. List of the 25 CMIP6 models employed in this study
Resolution (number of

No. Model Institute ID grids, lonxlat)
Atmosphere Ocean
1 ACCESS-CM2 CSIRO-ARCCSS 192x144  360x300
2 ACCESS-ESM1-5 CSIRO 192x145  360x300
3 BCC-CSM2-MR BCC 320x160  360x232
4 BCC-ESM1 BCC 128x64 360x232
5 CAMS-CSM1-0 CAMS 320x160  360x200
6 CanESM5 CCCma 128x64 361x290
7 CAS-ESM2-0 CAS 256x128 362x196
8 CESM2 NCAR 288x192  320x384
9 CESM2-FV2 NCAR 144x96 320x384
10 CESM2-WACCM NCAR 288x192  320x384
11 CESMZI;&ACCM' NCAR 144x96  320x384
12 CMCC-CM2-SR5 CMCC 288x192  362x292
13 FGOALS-g3 CAS 18080  360x218
14 FIO-ESM-2-0 FIO-QLNM 192x288  320x384
15 GISS-E2-1-G NASA-GISS 144x90 360x180
16 GISS-E2-1-H NASA-GISS 144x90 360x180
17 MCM-UA-1-0 UA 96x80 192x80
18 MIROC6 MIROC 256x128 360x256
19 MPI-ESM1-2-HR MPI-M DWD DKRZ 384x192  802x404
20 MRI-ESM2-0 MRI 320x160  360x364
21 NESM3 NUIST 192x96 384x362
22 NorESM2-LM NCC 144x96 360x384
23 NorESM2-MM NCC 288x192  360x384
24  SAMO-UNICON SNU 288x192 320x384
25 TaiESM1 AS-RCEC 288x192 320x384

Note: CSIRO-ARCCSS: Commonwealth Scientific and Industrial
Research Organisation-Australian Research Council Centre of Excel-
lence for Climate System Science; CSIRO: Commonwealth Scientific
and Industrial Research Organisation; BCC: Beijing Climate Center;
CAMS: Chinese Academy of Meteorological Sciences; CCCma: Cana-
dian Centre for Climate Modelling and Analysis; CAS: Chinese
Academy of Sciences; NCAR: National Center for Atmospheric Re-
search; CMCC: Fondazione Centro Euro-Mediterraneo sui Cambia-
menti Climatici; FIO-QLNM: First Institute of Oceanography-Min-
istry of Natural Resources, Qingdao National Laboratory for Marine
Science and Technology; NASA-GISS: National Aeronautics and
Space Administration-Goddard Institute for Space Studies; UA: Uni-
versity of Arizona-Department of Geosciences; MIROC: Japan Agency
for Marine-Earth Science and Technology, Atmosphere and Ocean
Research Institute, National Institute for Environmental Studies,
RIKEN Center for Computational Science; MPI-M DWD DKRZ: Max
Planck Institute for Meteorology, German Meteorological Service,
German Climate Computing Center; MRI: Meteorological Research
Institute; NUIST: Nanjing University of Information Science and
Technology; NCC: Norwegian Climate Centre; SNU: Seoul National
University; AS-RCEC: Academia Sinica-Research Center for Environ-
mental Changes.

ergy at the sea surface; and /' is the saturation moist static en-
ergy of the air above the boundary layer. The ratio of Cx to Cp de-
pends on the sea state. The one standard deviation of this ratio is
from 0.17 to 1.05, based on the energy and momentum budget
analysis using data from the Coupled Boundary Layers Air-Sea
Transfer field program in 2003. In this studyj, it is set to 0.9 ac-
cording to previous studies (Gilford et al., 2017; Wang et al., 2014;
Wing et al., 2015).

The centered pattern correlation coefficients (CPCCs, also
known as anomaly correlation coefficients) are calculated
between simulations and observations for each CMIP6 model.
Corresponding p-values are given by the two-tailed Student’s ¢-
test. In addition, the Hotelling’s T-squared test (Hotelling, 1940)

Table 2. Centered pattern correlation coefficients (CPCCs) of 25
CMIP6 models with the observed GPIs

Evaluation Model CPCC
Well-simulated TaiESM1 0.94
ACCESS-CM2 0.93
FIO-ESM-2-0 0.89
BCC-CSM2-MR 0.88
CESM2-WACCM 0.86
CMCC-CM2-SR5 0.85
NorESM2-LM 0.85
Moderately simulated CESM2 0.83
BCC-ESM1 0.83
CAMS-CSM1-0 0.82
FGOALS-g3 0.81
NorESM2-MM 0.80
SAMO-UNICON 0.79
CESM2-WACCM-FV2 0.79
CESM2-FV2 0.77
ACCESS-ESM1-5 0.77
MIROC6 0.75
CAS-ESM2-0 0.72
Poorly simulated MRI-ESM2-0 0.71
MPI-ESM1-2-HR 0.71
GISS-E2-1-H 0.70
GISS-E2-1-G 0.69
CanESM5 0.65
MCM-UA-1-0 0.51
NESM3 0.48

Note: All CPCCs depict statistical significance based on a two-
tailed Student’s ¢-test (>99%).

and the Steiger’s Z-test (Steiger, 1980) are applied to test the stat-
istical significance of the difference between two correlation
coefficients. The Hotelling’s T-squared statistic, which obeys the
Hotelling’s T-squared distribution, is defined as follows:

(n — 3) (1 + rgg)

72:("12—"13) 2\D| )

®)

where 7 is the number of records. The degree of freedom is n-3.
Dis calculated using Eq. (4):

D =1+ 2r1ar13ras — 1y — g — I3, )

where 712 and 13 are the correlations between the GPIs in two
models (denoted with subscripts 2 and 3, respectively) with the
GPI from observations (denoted with subscript 1); and 723 is the
correlation of the GPIs between the two models. The Steiger’s Z-
test, which assumes a standard normal distribution, is defined as
follows:

(n—-3)

Z= (Kip —Kua) \[

; )

where Ki2 and Ki3 are the transformed correlations from r;, and
13, based on

K=-[ln(1+4r)—In(1-7)], (6)

1
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and cis defined as

m41—2#)—%#(1—m2—§g
c= — ) )]
(-7
where
?:rlz'grm. ®)

The contribution of a variable to GPI in Eq. (1) is evaluated
using the method proposed by Camargo et al. (2007a). Taking
Hpggo as an example, the contribution of Hsoo is calculated as fol-
lows:

AGPly,, = GPI (Heo0—k) — GPI (Hp00-14) , )]

where AGPly,, is the difference in the contribution of Heoo to the
GPI between El Nifio and La Nifia years; GPI (Hgoo—gL) is the GPI
computed using climatological data, where Hgoo is for El Nifio
years; and GPI (Hgoo—1a) is the same as GPI (Hgoo—gL), except that
Hgo is obtained in La Nifa years.

CPCC is a useful measure of the simulation skill, especially re-
garding the spatial patterns. However, it is not sensitive to sys-
tematic biases. This problem can be solved by considering an al-
gebraic manipulation of the mean squared error (Murphy, 1988).
Therefore, we employ a skill score, which reflects the percentage
improvement over the reference simulation (also known as the
climatology simulation), defined as follows:

MSE,

skill_score = 1 —
—Seor MSErer”

(10)

where MSE; and MSE;.f are the mean squared error of the simu-
lated and reference simulations, respectively. The skill score
ranges from negative infinity to 1. A negative value indicates that
the simulation is less accurate than the reference simulation.

3 Observed TC genesis and GPI

All TC genesis locations in IBTrACS from 1980-2014 are
marked with black dots in Fig. 1a. The observed TCGNs are
binned to a regular grid of 2.5° x 2.5° (latitude x longitude) and
the distributions of cumulative TCGNs are shown in Fig. 1a with
colored squares. The GPIs in Eq. (1) calculated from NCEP/NCAR
reanalysis and ERSSTv5 data are shown in Fig. 1b, which demon-
strates a good agreement with IBTrACS. The CPCC between the
colors in Figs 1a and b is 0.77, which is statistically significant at a
99% confidence level. This pattern is also consistent with many
previous studies (Huang et al., 2011; Li and Wang, 2014).
However, some discrepancy in the spatial distribution is discern-
ible. For example, the GPI in Fig. 1b is more homogeneous than
the TCGN in Fig. 1a. The spatial variability can be measured us-

2
. . s L 1 -
ing standard deviation within a domain, i.e., ~ ZES (Xij_ ) .
i
Here, S denotes the domain in Figs 1a and b, N is the number of

grid points within domain S, X is a dummy variable denoting
TCGN for Fig. 1a and GPI for Fig. 1b, X is the mean X within do-
main S, and i and j are the horizontal and meridional index with-
in domain S. The spatial variability of the observations is 3.1,
whereas the spatial variability of the GPI is only 1.6. Nevertheless,
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Fig. 1. The observed and simulated climatological TC genesis
during the period of 1980-2014 over the WNP. a. Results from IB-
TrACS. Black dots indicate TC genesis locations and colors rep-
resent TCGN in a regular grid with a horizontal resolution of
2.5°x2.5° (longitudexlatitude). b. GPI derived using ERSSTv5 and
NCEP/NCAR reanalysis. R represents the CPCC between the ob-
servation and simulation, which passes the two-tailed Student’s
t-testat p = 0.01.

alarge portion of the difference in spatial variability is attribut-
able to the fact that the TCGNs are natural numbers, whereas GPI
are rational numbers (Tippett et al., 2011).

The annual cycles of TCGN and GPI are compared in Fig. 2.
The GPI captures both the active TC genesis from July to October
and the reduced TC genesis from January to April. The correla-
tion coefficient between TCGN and GPI in Fig. 2 is 0.96, which is

180
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—— GPI
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120
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=
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Fig. 2. The observed and simulated annual cycle of TCGN in the
period of 1980-2014 over the WNP. Red line represents the res-
ults from IBTrACS, and blue line represents the GPI derived us-
ing ERSSTv5 and NCEP/NCAR reanalysis. R is the Pearson linear
correlation coefficient, which passes the two-tailed Student’s ¢-
testat p=0.01.
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significant at a confidence level of 99%. The maximum GPI coin-
cides with the observed TCGN in August, although the maxim-
um GPI is less than the maximum observation by approximately
20%. Furthermore, the standard deviation of the annual GPI is 6,
which is half that of the observations (standard deviation of 12).
This is attributed to overestimation of TC genesis during unfavor-
able seasons and underestimation during favorable seasons.
Menkes et al. (2012) also found that the seasonal variation of
other GPIs is weaker than the observation.

It has been long recognized that TC activities have a strong
interannual variability in all ocean basins (Landsea, 2000), with
vast research efforts revealing that ENSO, the leading source of
interannual variabilities, can modulate TCs in the WNP (Chan,
1985; Chia and Ropelewski, 2002; Du et al., 2011; Wang and
Chan, 2002; Wang et al., 1999, 2013; Wang and Wang, 2013; Yang
etal., 2018a). To analyze the observed relationship between TC
genesis and ENSO over the WNP, we divided the WNP into four
regions following the definition in Wang and Chan (2002): north-
west quadrant (NW, 20°-30°N, 120°-145°E), northeast quadrant
(NE, 20°-30°N, 145°-180°E), southeast quadrant (SE, 0°-20°N,
145°-180°E), and southwest quadrant (SW, 0°-20°N, 120°-145°E).
During El Nifo years, TCs are more likely to occur in the SE, with
a statistically significant decrease in the NW (Fig. 3a). In the SE,
there are as many as 29 TCs in four El Nifio years but only two
TCs in four La Nifia years. Contrary to SE, only two TCs are found
in four El Nifio years with 18 TCs in four La Nifia years in the NW.
As illustrated in Fig. 3b, the GPI exhibits positive anomalies in the
SE and negative anomalies in the NW during El Nifio years. Note
that the magnitude of positive anomalies is significantly greater
than the negative anomalies, which is consistent with the IB-
TrACS observations. The decrease of TCGN in the NW with an in-
crease in the SE during El Nifio years leads to no noticeable EN-
SO’s impact on the total TCG but a pronounced southeastward
shift in TC formation location. Figure 4 shows the cumulative dis-
tribution of TC genesis longitude and latitude for El Nifio and La
Nifa years. An eastward shift of TC genesis by 8°-10° longitude
and a southward shift of TC genesis by 4°-5° latitude are detected
in both the IBTrACS and the GPI. The southeastward shift in TC
genesis during El Nifio years is attributable to the increased low-
level vorticity and reduced vertical wind shear in the SE, as well
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Fig. 3. TC genesis during El Niflo and La Nifia years over the
WNP. a. Results from IBTrACS. Red dots and blue dots indicate
TC genesis locations in El Nifio and La Nifia years, respectively. b.
Difference in the GPI (derived using ERSSTv5 and NCEP/NCAR
reanalysis) between El Nifio and La Nifa years. Shaded areas
represent the 99% confidence level according to the two-tailed
Student’s ¢-test. Zonal gray line at 20°N and meridional line at
145°E divide the WNP into four subregions.
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as an expanded monsoon trough (Wang and Chan, 2002). Not-
ably, the profound eastward shift of TC genesis leads to more in-
tense and long-lived TCs during El Nifio years (Camargo and So-
bel, 2005). Overall, the GPI in Eq. (1) captures the main charac-
teristics of TC genesis at climatological, interannual, and annual
timescales.

4 Evaluation of TC genesis in CMIP6 models

4.1 Climatology and annual cycle of TC genesis in CMIP6 models
Figure 5 illustrates the GPI simulated in 25 CMIP6 models
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30°N

Fig. 4. Cumulative distribution function of the longitude (a) and latitude (b) of TC genesis locations over the WNP. Blue and red lines
represent the results of La Nifa (LN) and El Nifno (EN) years, respectively. The observed TC genesis is shown in solid lines and the
observed GPIs (derived using ERSSTv5 and NCEP/NCAR reanalysis) are shown in dashed lines.
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(Figs 5b-z) and their multi-model ensemble (MME, Fig. 5a). The
GPI obtained with ERSSTv5 and NCEP/NCAR reanalysis is shown
in Fig. 6, which is hereinafter referred to as the observed GP]I, al-
though the NCEP/NCAR reanalysis products are not observa-
tions. The common eastward extension of the TC genesis bias
over the WNP compared with the observations is observed in all
CMIP6 models. Such bias has previously been reported using
other models (Camargo et al., 2005; Shen et al., 2020; Yokoi et al.,
2009). Shen et al. (2020) ascribed the eastward bias to overestim-
ated humidity in the eastern region of the WNP. Meanwhile, the
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1 I o
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TCGN over the WNP is greatly overestimated in all models ex-
cept ACCESS-EMM1-5 (Fig. 5¢), BCC-CSM2-MR (Fig. 5d),
CanESMS5 (Fig. 5g), MCM-UA-1-0 (Fig. 5r), and SAMO-UNICON
(Fig. 5y). A positive GPI systematic bias also exists in most CMIP5
models (Song et al., 2015). Based on a qualitive comparison with
the results in Song et al. (2015), the climatological overestima-
tion of TCGN persists in CMIP5/6 models. The overestimation in
GPI is mainly attributable to the positive bias in relative humid-
ity in the mid-troposphere. The impact of positive bias in relative
humidity on the GPIis illustrated in Fig. 7. The aforementioned
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five models (i.e., ACCESS-EMM1-5, BCC-CSM2-MR, CanESMS5,
MCM-UA-1-0, and SAMO0-UNICON) without the systematic bias
effectively reproduce the relative humidity in the mid-tropo-
sphere. In contrast, the other 20 CMIP6 models exhibit substan-
tial overestimations of relative humidity in the mid-troposphere.
Tian et al. (2013) argued that an overestimation of relative hu-
midity led to a higher GPI than reanalysis in LASG/IAP AGCM.
Biases of moisture are also found in four CMIP5 models, mainly
caused by the overestimation of the frequency of vertical velocity
at 500 hPa occurrence (Yang et al., 2018b). The MME of the 25
CMIP6 models also exhibits an eastward extension for TC genes-
is and higher GPI due to the systematic humidity bias (Figs 5a
and 7a). After performing normalization via subtracting the cor-
responding climatological mean and being divided by the stand-
ard deviation, the GPIs simulated by all 25 CMIP6 models (Fig. 8)
relatively effectively reconstruct the annual cycle of TCGN shown
in Fig. 2. Although the maximum normalized GPI of GISS-E2-1-G
(1.95), MIROCS6 (1.93), CanESM5 (1.92), GISS-E2-1-H (1.87),
MRI-ESM2-0 (1.85) and NorESM2-LM (1.84) is significantly high-
er than that of the observation (1.62), the systematic humidity bi-
as results in an overestimation of climatological GPI but has a
trivial impact on the annual cycle.

The multi-model mean is generally superior to a single mod-
el because random errors tend to cancel each other out in the
multi-model mean, and this value tends to exhibit greater con-
sistency and reliability than individual members (Hagedorn et
al., 2005). However, the skill score of MME is -0.78, which is
smaller than that of ACCESS-EMM1-5 (-0.51). The fact that the
MME does not outperform some individual models (i.e., AC-
CESS-EMM1-5) may be ascribed to the systematic moisture bias
in most CMIP6 models.

The ability to simulate the spatial pattern of climatological TC
genesis is examined using the CPCCs between the simulated
GPIs in each CMIP6 model and the observed GPI (Table 2). The
two-tailed Student’s ¢-test is applied to test the significance of the
CPCCs. The 25 CMIP6 models exhibit variable simulation per-
formance regarding TC genesis locations. The reasons for differ-
ent model performances can be detected by grouping the mod-
els into a well-simulated group and a poorly simulated group.
The CPCCs of all models are then sorted from high to low. The
first (last) 25th percentile is categorized as the well-simulated
(poorly simulated) group, resulting in seven models in the well-
simulated group (i.e., ACCESS-CM2, BCC-CSM2-MR, CESM2-
WACCM, CMCC-CM2-SR5, FIO-ESM-2-0, NorESM2-LM, and
TaiESM1) and seven models in the poorly simulated group (i.e.,
MRI-ESM2-0, MRI-ESM1-2-HR, CanESM5, GISS-E2-1-G, GISS-
E2-1-H, MCM-UA-1-0, and NESM3). The MME of the well-simu-
lated (poorly simulated) group is referred to as WMME (PMME)
hereinafter. The WMME has a CPCC of 0.93 with the observed

GPI, which is higher than that of MME. In contrast, the PMME
has a CPCC of 0.72 with the observed GPI. The difference
between the CPCCs of WMME and PMME (Table 3) is statistic-
ally significant according to both the Hotelling’s T-squared test
and the Steiger’s Z-test (two-tailed, p<0.01).

4.2 Interannual variability of TC genesis in WMME and PMME

ENSO plays an important role in modulating WNP TC genes-
is due to the change in the upward branch of Walker circulation
(Tan et al., 2019) and the propagation of wave train responding to
SST anomalies (Chen et al., 1998). The correlation between EN-
SO index (i.e., Nifio 3.4) is not significant while the TC genesis
location are profoundly modified by ENSO signal, which reveals
that the skill to simulating spatial pattern is the leading role in re-
producing ENSO’s impact on TC genesis. Therefore, simulated
ENSO’s impact on TC genesis in CMIP6 models are examined by
comparing the well-simulated and poorly simulated groups.
Figure 9 illustrates the differences in the GPI between El Nifio
and La Nina years in the two groups. The well-simulated group
(Fig. 9a) resembles the observed GPI (contours in Fig. 9).
Moreover, positive anomalies in the SE and the negative anom-
alies in the SW and NW are captured. Given that climate models,
such as CMIP3 and CMIP5 models (Bellenger et al., 2014; Wen-
gel et al., 2018), tend to yield a large variance of ENSO amp-
litudes, the ENSO’s impacts on TCs also vary from model to mod-
el. The mean Nifo 3.4 for TC season in WMME ranges from -3 to
3, whereas that in ERSSTv5 ranges from -1.5 to 2.0. The overes-
timated ENSO amplitude and TCGN may explain why the influ-
ences of ENSO on TC genesis in WMME are greater than those in
the reanalysis product. For the poorly simulated group, the mean
GPI differences between El Nifio and La Nifia years are negative
along 20°N, where negligible differences are found in the ob-
served GPI. Furthermore, the positive anomalies decrease sub-
stantially to the east compared to the observed GPI. Moreover,
PMME exhibits minimal significant negative differences in the
NE. There is even a small area of positive differences around
25°N and 135°E, which do not exist in the observed GPI.

The contributions of all variables to the GPI in Eq. (1) are ex-
amined following the method in Camargo et al. (2007a); an ex-
ample is given in Eq. (9). As shown in Fig. 10, suppressed TC gen-
esis during El Nifio years in the NW is ascribed to the unfavor-
able thermodynamic conditions, i.e., reduced moisture and cool-
ing of SSTs (Kim et al., 2011). Favorable dynamic conditions, i.e.,
increased relative vorticity (Wang and Chan, 2002) and reduced
vertical wind shear (Chen et al., 1998), lead to enhanced TC gen-
esis during El Nifio years in the SE. Low-tropospheric vorticity
appears to be an important factor for TC genesis, especially at
low latitudes where the Coriolis parameter is weak (Tippett et al.,
2011). Both WMME (Fig. 10b) and PMME (Fig. 10c) capture the
increased relative vorticity at 850 hPa in the SW and the SE,
which is related to an eastward-migrating low-level monsoon
trough during El Nino years (Wang and Wang, 2019). The vertical
shear of horizontal winds introduces an asymmetry to the distri-
bution of convection and carries dry air to the core of the TC,
which is detrimental to TC genesis (Frank and Ritchie, 2001).
Given that vertical wind shear is harmful to TC genesis, the im-
pact of wind shear has an opposite sign to the anomaly of wind
shear. Moreover, a seesaw pattern is observed in the impact of
vertical wind shear, exhibiting a positive anomaly in the SW and a
negative anomaly in the SE during El Nifo years (Fig. 10d). The
opposite is true for La Nifa years. This seesaw pattern relates to
the eastward (westward) migration of the upward branch of
weakened (enhanced) Walker circulation during El Nifo (La
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models. The impacts shown by shaded areas is statistically significant at the 99% confidence level.

Table 3. R? difference among CPCCs of WMME, MME, and
PMME.

WMME MME PMME

WMME (0.93) 0 0.03 0.35
MME (0.91) -0.03 0 0.31
PMME (0.72) -0.35 -0.31 0

Note: Values in bold font were applied to statistically significant
differences (two-tailed, p<0.01) based on the Hotelling’s T-squared
test and Steiger’s Z-test.

Nina) years. WMME (Fig. 10e) reproduces the seesaw pattern ef-

fectively, whereas PMME (Fig. 10f) only replicates the western
pole of the seesaw pattern (i.e., the negative anomaly in the SW).
The difference between the ability of WMME and PMME to rep-
licate the change of vertical wind shear is statistically significant.
However, the impact of the two dynamic variables (i.e., vorticity
and wind shear) is favorable for TC genesis in the SE during El
Nifo years. Given that PMME replicates low-tropospheric vorti-
city with a CPCC 0f 0.72, it is concluded that PMME can capture
the positive TC genesis anomaly in the SE during El Nifio years.
TCs are fueled by the heat released when moist air rises and
water vapor condenses (Makarieva et al., 2017). The environ-
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test. Contours indicate the difference in the observed GPI (Fig.
3b) between El Nifio and La Nifa years.

ment in the mid-troposphere is subsaturated; therefore, the high
relative humidity is conducive to an equilibrium state that sus-
tains moist boundary layer inflow. The impact of relative humid-
ity at 600 hPa also exhibits a seesaw pattern (i.e., a negative an-
omaly in the NW and a positive anomaly in the SE during El Nifio
years, Fig. 10g), equivalent to the change of GPI. Both WMME
(Fig. 10h) and PMME (Fig. 10i) exhibit a seesaw pattern regard-
less of their specific positions. However, the center of the negat-
ive pole moves eastward by 20° in the PMME; thus, moisture does
not have a suppressing effect on TC genesis in the NW. The fun-
damental physical requirements for TC genesis include thermo-
dynamic disequilibrium at the sea surface, which favors the flux
of enthalpy (Kowaleski and Evans, 2015). In addition to thermo-
dynamics at the sea surface, the thermal structure of the atmo-
sphere establishes the upper limit for the potential intensity of TC

(Emanuel, 1986). The magnitude of potential intensity indicates
whether the thermodynamic environment is hostile or condu-
cive to TC genesis. The potential intensity exerts adverse influ-
ences on TC genesis in the NW and SW during El Nifio years
(Fig. 10j). WMME replicates the negative impact quite well
(Fig. 10k), with a CPCC of 0.78. However, PMME doubles the area
with a negative impact (Fig. 101). PMME also produces a negative
anomaly in the SE, but a trivial impact in the NE. Given that the
ENSO-related changes of GPI and relative humidity exhibit a
similar seesaw pattern, relative humidity in the mid-troposphere
is a key factor for ensuring realistic simulations of ENSO’s im-
pacts on TC genesis, especially for the negative anomaly in the
NW during El Nifio years.

Given that numerous large-scale environmental variables,
such as SST, surface air temperature (SAT) and convective pre-
cipitation (CP), are proven to have significant influences on TC
genesis, only including four variables makes the GPI impossible
to represent completely the impacts of all large-scale variables on
TC genesis. We want a step further and investigated the perform-
ance of WMME and PMME in replicating the variables (i.e., SST,
SAT and CP) which are not included in the GPI but important for
TC genesis. SST is used to calculate the potential intensity in Eq.
(2), but the computation involves a complex algorithm. It is not
easy to deduce the performance in replicating SST based on the
skill in the simulation of potential intensity. Since the SST is not
explicitly included in the GP]I, the quantitative impacts of SST bi-
as on the GPI are difficult to obtain. WMME has a greater consist-
ency with the observed SST difference between El Nifio and La
Nifa years than PMME (Fig. 11a). In the NE, a positive SST bias
are found in the PMME (Fig. 11b). However, the positive SST bias
on the GPI may be trivial considering the low TC genesis probab-
ility in the region. In the NW, PMME do not reproduce the ob-
served negative SST anomalies during El Nifo years (Fig. 11b),
which contributes the failure to produce the negative GPI anom-
alies during El Nifio years. SAT are tightly coupled to SST and the
observed difference of SAT is similar to that of SST. In the NW,
there are negative SAT anomalies in the observations but neutral
in the WMME (Fig. 11c) and even positive anomalies in PMME
(Fig. 11d). Still, WMME are more skilled in reconstructing CP
(Fig. 11e and 11f). The main difference is located between 10°N
and 20°N where PMME have a positive GPI bias. Nevertheless,
there is a need for improvement for both WMME and PMME in
replicating CP in the NW. These results lead us to conclude that
the WMME outperforms PMME in reproducing SST, SAT, and
CP, which also provides superiority in replicating TC genesis.

5 Discussion and conclusions

Changes of TC genesis over the WNP due to climate change
have substantial scientific and economic significance. Achieving
realistic historical simulations is the first step for reliable future
projections. In comparation to NCEP/NCAR reanalysis, relative
humidity is overestimated in the mid-troposphere in 20 out of 25
CMIP6 models, which leads to a systematic bias of the GPI. Only
five models, i.e., ACCESS-EMM1-5, BCC-CSM2-MR, CanESM5,
MCM-UA-1-0, and SAMO0-UNICON, accurately reproduce the
magnitude of the GPI. In comparison with CMIP5 models, the
overestimation bias in climatological relative humidity is evid-
ently alleviated in CMIP6 models, but still not accepted. For ex-
ample, the improvement is obviously illustrated in the difference
between MRI-ESM1 (CMIP5 version) and MRI-ESM2-0 (CMIP6
version). However, this systematic bias in relative humidity does
not have a notable effect on simulations of the annual cycle of
TCGN. Significant model-to-model differences are observed in
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Fig. 10. Difference in GPI composites during El Nifio and La Nifa years caused by varying each variable in Eq. (1). Rows 1-4 show the
contribution of low-level vorticity, vertical wind shear, humidity in the mid-troposphere, and potential intensity, respectively. Left
column shows the results obtained with ERSSTv5 and NCEP/NCAR reanalysis. Middle column shows the results from the multi-model
mean of the well-simulated group. Right column shows the results from the multi-model mean of the poorly simulated group. Shaded
areas represent the 99% confidence level according to the two-tailed Student’s ¢-test. For each panel in the middle and right columns,
the CPCCs between the panel and the corresponding observations (the panel on the left column) are shown (purple) in the upper-
right corner. For example, the CPCC in b is the correlation coefficient between the pattern in b and the pattern in a.

simulations of the spatial patterns of TC genesis. Seven models
(i.e., ACCESS-CM2, BCC-CSM2-MR, CESM2-WACCM, CMCC-
CM2-SR5, FIO-ESM-2-0, NorESM2-LM, and TaiESM1) are identi-
fied as well-simulated models and another seven models (i.e.,
MRI-ESM2-0, MRI-ESM1-2-HR, CanESM5, GISS-E2-1-G, GISS-
E2-1-H, MCM-UA-1-0, and NESM3) are defined as poorly simu-
lated models. The well-simulated group can capture TC genesis
during ENSO because all variables in the GPI (i.e., low-level vorti-
city, vertical wind shear, relative humidity at 600 hPa, and poten-
tial intensity) can be reconstructed in both phases of ENSO. Note
that well-simulated group is also more skilled at reproducing the
change of SST, SAT and CP from La Nifia to El Nino than poorly
simulated group. However, the relative humidity, which plays a
key role in simulating TC genesis, is not effectively reproduced in
the poorly simulated group. The overestimated humidity during
El Nifio years leads to no significant ENSO-related change of hu-
midity in the NW. As reduced humidity is the key factor modulat-
ing TC genesis in the NW, the poorly simulated group cannot ef-
fectively replicate the suppressed TC genesis during El Nifio
years. Based on a qualitive comparison with the results in Tan et
al. (2019), the performances in reproducing the ENSO’s impact
on TC genesis are significantly improved from CMIP5 to CMIP6.
Given the response ENSO to climate change, the interaction
between TCs and ENSO should be considered in the projection
for TCs. Note that the performance in reproducing TC genesis of
25 CMIP6 models are assessed at climatological, annual and in-

terannual time scales. In fact, one model can have different abil-
ities to capture TC genesis on different timescales. For example,
MCM-UA-1-0 simulates the magnitude of the climatology mean
GPI realistically. However, for the internal variability, the skill of
MCM-UA-1-0 is ranked in the 25th percentile (i.e., poorly simu-
lated group).

It is concluded that humidity remains a serious problem
when simulating GPIs as humidity may play a key role in future
TC projections. Similar results are also found in dynamical
downscaling method. For example, Shen et al. (2020) reported
that the relative humidity simulation performance has the
greatest influence on TC genesis location replication in down-
scaled Community Atmosphere Model (version 5) models.
Moreover, the positive change of GPI from historical experiment
to the representative concentration pathway 8.5 is predomin-
antly caused by relative humidity (Song et al., 2015), which lower
the confidence in the projections. The role of mid-level relative
humidity in TC genesis can be explained by conditional instabil-
ity of the second kind (CISK; e.g., Ooyama, 1982). As stated in
CISK, latent heat is released inside the eyewall once the moisture
in the ascending air condenses, which provides the critical
source of TC mechanical energy. However, dry air can impede
the process and thus hinder TC genesis. Given the same temper-
ature, dry air is less buoyant than moist air and consequently lim-
its ascending motions. Dry air may also prevent ascending air
parcels from reaching saturation, which reduces both net con-
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Fig. 11. Differences in SST (a, b), SAT (c, d) and CP (e, f) between

El Nifo and La Nifa years simulated in WMME (a, c, €) and PMME

(b, d, f). Shaded areas represent the 99% confidence level according to the two-tailed Student’s ¢-test. Contours indicate the
differences in the SST from ERSSTv5, SAT from NCEP/NCAR reanalysis, and CP from ERA5 between El Nifio and La Nifia years. The
CPCCs between the simulations and the observations are shown (purple) in the upper-right corner.

densation and latent heat releases. From another perspective, the
mid-tropospheric humidity can be seen as a measure of upward
motion and convective activities, which is required for TC genes-
is (Yamasaki, 2007). Note that BCC-CSM2-MR can not only re-
construct the magnitude of GPIs but also TC genesis locations,
including ENSO-related spatial patterns. Thus, projections based
on BCC-CSM2-MR might provide more reliable results. Given
that observation constraints the simulation in the historical ex-
periment, the better simulation for the past do not necessarily
guarantee a more skilled projection in the representative concen-
tration pathway experiment.

The humidity profiles in convection regions are highly re-
lated to the convection scheme (Emanuel et al., 2008). The Inter-
Tropical Convergence Zone (ITCZ) is a region of surface conver-
gence with deep convection and heavy precipitation. However,
most coupled general climate systems produce insufficient pre-
cipitation on the equator but excessive precipitation off the
equator, which is called double-ITCZ bias (Lin, 2007). And simu-
lated ITCZ over the north Pacific Ocean in CMIP6 models is loc-
ated too wide and too north compared with the observation (Tian
and Dong, 2020; Zhang et al., 2019). Merlis et al. (2013) propose
that global TC frequency is proportional to the latitude of the
ITCZ, with the increase of TC frequency as the ITCZ is shifted
northward. The linear regression model also applies to each
basin including the WNP. The north shift of ITCZ in CMIP6 mod-
els results in a positive TCGN bias in the WNP, which is consist-

ent with our results.
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